Abstract. In this study we present a morphological approach in observing the interaction of cationic magnetic nanoparticles with A-549 cells (human lung adenocarcinoma). Under our experimental conditions, nanoparticles easily penetrated cells and were observed in vivo, using bright light microscopy. In fixed cells, nanoparticles remained inside cells, showing quantity and distribution patterns similar to those in unfixed cells. The presence of nanoparticles did not affect cell viability or the morphologic parameters assessed. We determined the potential internalization mechanism of nanoparticles into cells using endocytosis inhibitors. The results suggest that nanoparticles used in this study penetrate A-549 cells mainly through a macropinocytosis process.
Introduction
Magnetic iron oxide nanoparticles (NPs) are a promising tool in several biomedical fields, including cancer hyperthermia treatments, drug delivery and magnetic resonance imaging (MRI) (1, 2) . The use of macromolecular conjugation for the controlled delivery of low molecular weight drugs can minimize their passive diffusion in tissue systems, resulting in lower toxic treatments. It is also possible to design macromolecular complexes with high affinity to membrane receptors, in order to regulate cellular recognition of these carriers, trafficking pathway and subcellular localization (3, 4) . The magnetic character of the particles and its ability to enhance proton relaxation of specific tissues add enhanced functionality to these nanomaterials, allowing MRI monitorization of drug delivery (5) , as well as for gene therapy or gene carrier (6) .
Penetration of NPs may occur through various endocytic processes, such as function of the size and type of cover as well as the cell type (1, (7) (8) (9) (10) . Cytoplasm membrane folds inward to form the vesicle containing the particles, indicating that it could be a non-receptor or receptor-mediated process. It is necessary to know the precise mechanism of NP internalization in cells since, depending on the endocytic process, NPs have different targets in the endosomal compartment. Thus, macropinocytosis (non-receptor-mediated process) does not lead to the lysosomal compartment, avoiding a possible degradation, while the clathrin mediated endocytosis leads the vesicle to the lysosomal compartment (3, 4) .
Previous studies carried out in our laboratory have shown that NPs-AD with positive charge are rapidly internalized into HeLa cells by an endocytic mechanism, having little or no toxicity (11) .
In this study, we evaluated the toxicity in human lung adenocarcinoma cells (A-549) of iron oxide magnetic nanoparticles with a positive surface charge. Positively charged NPs quickly penetrated this type of cell and were easily observed in light microscopy without further staining. In addition, these NPs do not cause any negative effect in cell viability or morphology. Using inhibitors of different endocytosis pathways, we identified that the possible mechanism of internalization of these surface coated magnetic nanoparticles is mainly by a macropinocytosis process.
Materials and methods
Nanoparticles: synthesis and characterization. Cationic magnetite nanoparticles (amino-dextran, AD) were synthesized in a single step by coprecipitation of iron (II) and (III) salts in a basic solution in the presence of AD (12) . An iron-salt mixture of 0.33 M FeSO 4 •7H 2 O and 0.67 M Fe(NO 3 ) 3 •9H 2 O in 50 ml of water was slowly added to a deoxygenated 400 ml 1 M NaOH solution containing AD, in particular DEAEdextran (4.32 g of MW=10,000 g/mol). The mixture was magnetically stirred and kept for 5 h under a nitrogen flow. Centrifugation at 9,000 rpm was carried out in order to eliminate impurities and large aggregates. Finally, a suspension was prepared by sonication, filtered through a 0.2 μm Toluidine blue staining. In order to assess the precise localization of NPs in cells after experimental procedures, cells were fixed in cold methanol (5 min) and then stained with toluidine blue (TB, 0.05 mg/ml distilled water, 0.5 min Merck), washed with distilled water and air dried. Preparations were mounted in Depex (Serva) and observed with bright field microscopy. Under these conditions, the amount and distribution of NPs remained identical to that of unprocessed cells.
Evaluation of cell viability. Viability of A-549 cells after different treatments was determined using methylthiazol tetrazolium bromide assay (MTT, Sigma). After 24 h from incubation with NPs, MTT was added to each well (100 μg/ml culture medium) for 3 h at 37˚C. The formazan formed into cells was dissolved adding 0.5 ml of DMSO in each well and the optical density was evaluated at 540 nm in a microplate reader (Tecan Spectra Fluor Spectrophotometer). Cell survival was expressed as the percentage of absorption of treated cells in comparison with that of control cells (not incubated with NPs). The mean value and standard deviation were obtained from at least six experiments.
Immunofluorescence to detect ·-tubulin. Immunofluorescence was carried out in cells grown in coverslips. A-549 cells were fixed in cold methanol (2˚C) for 5 min, washed 3 times during 5 min with PBS, permeabilized 5 min with 0.5% Triton X-100 (v/v), and later incubated with the primary monoclonal mouse anti-·-tubulin antibody (1:100 in PBS/ BSA, Sigma) during 1 h at 37˚C in a humidified camera. After washing with PBS three times for 5 min, cells were incubated with the secondary goat anti-mouse antibody fluorescein isothiocyanate (FITC from Sigma) at a dilution 1:100 for 1 h at 37˚C. Finally, cells were washed 3 times for 5 min with PBS, and counterstained with the fluorochrome for DNA Hoechst-33258 (H-33258, Sigma) at a concentration of 0.05 mg/ml in distilled water, washed with distilled water and mounted in ProLong Gold antifade reagent (Molecular Probes). The fluorescence of FITC (green) and H-33258 (blue) was observed with a fluorescence microscope, using the appropriate excitation filters. The mitotic index (MI) was evaluated in immunofluorescence-processed samples. Four thousand cells were counted for each experimental point of at least three different experiments.
Macropinocytosis inhibition. Serum-deprived A-549 cells were pre-treated with or without 5 μg/ml cytochalasin D (CD, Sigma) for 1 h, followed by co-incubation with NPs (0.1 mg Fe/ml) for 24 h. Cells were washed with PBS 3 times and then observed in vivo using bright light microscopy, or stained with tetramethylrhodamine isothiocyanate (TRITC)-labelled phalloidin (TRITC-phalloidin, Sigma) and counterstained with H-33258.
TRIC-phalloidin stain. For F-actin visualization, cells grown on coverslips were fixed in paraformaldehyde (3%) for 10 min, washed in PBS for 15 min and permeabilized with 0.5% (v/v) Triton X-100 in PBS for 20 min at room temperature. Cells were incubated with TRITC-phalloidin, for 30 min at 37˚C, washed in PBS and counterstained with the fluorochrome for DNA, H-33258 (0.05 mg/ml in distilled water), washed with distilled water and mounted in ProLong Gold. Samples were observed with fluorescence microscopy, using the corresponding excitation filters (545 nm for TRITC-phalloidin and 320 nm for H-33258).
Inhibition of clathrin-dependent endocytosis.
A-549 cells were preincubated in serum-free DMEM containing Dynasore 80 μM (Dyn, Sigma) 1 h before incubation with NPs. The media were then changed to fresh ones containing the inhibitors plus AD (0.1 mg Fe/ml) and further incubated for 24 h. After exposure to NPs and inhibitor, cells were washed 3 times with PBS and then observed in vivo or processed with toluidine blue for staining.
Microscopy. Microscopic observations and photographs were performed with an Olympus BX61 epifluorescence microscope equipped with ultraviolet (365 nm), blue (420 nm) and green (545 nm) filter sets for fluorescence microscopy and an Olympus DP50 digital camera Micromax; Princeton Instruments. 
Results
Nanoparticles. An average particle size of 6 nm was obtained by the coprecipitation of iron salts in the presence of the polymer (sample AD). The particle composition was magnetite. No traces of other iron oxide phases were found by X-ray diffraction. The carbohydrate molecules stabilized the particles in aqueous suspension under physiological conditions (pH and salinity), being the surface potential +26 mV at pH 7.0. Samples were subjected to centrifugation and filtration processes to reduce the hydrodynamic size down to 150 nm with a polydispersity degree of 0.2.
Internalization. The cationic AD applied to A-549 cells was detected inside cells under all experimental conditions. Using a concentration of 0.5 mg Fe/ml, the accumulation of NPs was evident. The evolution of the AD NP-cell interaction was as follows. First (6 h incubation time), NPs formed aggregates outside the cell membrane (Fig. 1B) , and 24 h later they were homogeneously distributed into the cell cytoplasm of cells, forming aggregates of variable size (Fig. 1C) . These aggregates cannot be detected in control cells (Fig. 1A) . Cells retained AD for several hours after the incubation with NPs as is seen in Fig. 1D , showing cells incubated with AD (0.5 mg Fe/ml) for 24 h and observed 48 h after incubation.
In treated cells stained by the toluidine blue method, and incubated with AD (0.5 mgFe/ml), NPs were observed inside cells, with an identical distribution pattern to those observed in living cells (Fig. 2C and D) . The cell morphology was similar to control cells ( Fig. 2A and B) . Microtubules. Possible alterations induced by the nanoparticles in the cytoskeletal components were also evaluated. A-549 cells treated with AD (0.5 mg Fe/ml, 24 h) showed interphasic microtubules ( Fig. 4C and D ) mitotic spindles and chromosomes ( Fig. 4E and F) with a distribution similar to the control cells ( Fig. 4A and B) . The mitotic index in treated cells was also identical to control cells (4.8±0.2%).
Macropinocytosis inhibition. Macropinocytosis was inhibited
by treatment with CD, that inhibits actin filaments polymerization, and transiently alters cell morphology (Fig. 5) . Fig. 5A shows the normal distribution of actin filaments in non-treated cells. Samples incubated only with NPs show no significant alteration in actin filaments that remain idetical to control cells. Cells treated with NPs in the presence of CD showed disorganized actin filaments (Fig. 6B ) that are identical to those of cells treated only with CD. After 24 h from treatment, cells treated with CD (either alone or in presence of AD) show an actin distribution similar to that of nontreated cells (Fig. 5C) .
NP penetration in cells was analyzed by TB staining (Fig. 6) . In Fig. 6A , cells incubated with AD (0.1 mg Fe/ml), showing NPs in cytoplasm can be observed. However, when cells were incubated with NP-CD, in most cases AD remained attached to cell membranes, and their incorporation to cytoplasm was strongly inhibited (Fig. 6B) . Fig. 7 illustrates the results obtained after treatment with inhibitor Dynasore of clathrin mediated endocytosis. As can be seen, the treatment with Dynasore, in absence of AD (Fig. 7B) , did not affect the morphology of cells, compared to controls (Fig. 7A) . The co-incubation of cells A-549 with Dynasore and AD (0.1 mg Fe/ml) showed a similar amount of accumulation and distribution (Fig. 7C) as cells incubated only with AD (Fig. 7D) . This study has proved that Dynasore, used under similar experimental conditions, clearly decreases the penetration of liposomes of dipalmitoyl phosphatidyl choline (DPPC) in A-549 cells (13) .
Inhibition of clathrin-dependent endocytosis.

Discussion
Magnetic iron oxide nanoparticles can be coated with a variety of polymers, using different techniques (1, 2) . In this study, the synthesis was carried out in the presence of AD, whose role is to limit particle growth during the synthesis and provide steric repulsion and positive particle surface charge to stabilise particles in water. Particle size for sample AD was limited to 6 nm (0.2% standard deviation), and the hydrodynamic size, which provides an estimate of the particle aggregate size in suspensions, was reduced by filtration to 150 nm. It is well known that particle and aggregate size, and surface charge, are important factors that determine biocompatibility, distribution in living systems and the specific mechanism of cell internalization of nanoparicles (14) .
When NPs are used for therapeutic purposes, size and cover should be optimized to enable their internalization in target cells. They also need to escape the reticulum endothelial system that eliminates NPs from the bloodstream, decreasing or preventing their access to cellular targets (15, 14) .
There are numerous studies on determining the toxicity of different types of NPs, and it is accepted that NPs covered with positive charge penetrate inside cells more efficiently, reducing toxicity (16, 17) . Previous results on HeLa cells showed that NPs functionalized with differently charged carbohydrates had different effects on internalization and cell survival (11) . Neutral and negative iron oxide nanoparticles were internalized in low quantities or not internalized at all in cells. Furthermore, negative NPs coated with heparin affect cell survival and cycle. However, positive NPs coated with AD were rapidly internalized in cells, and lack of toxicity was observed (11) . Similar results were obtained for amino polyvinyl alcohol coated nanoparticles that showed a much higher uptake by cerebral cells, absence of cytotoxicity and in vivo biocompatibility (18) .
In this study we evaluated biocompatibility of positively charged NPs in A-549 cells, taking into account the influence of cell type. The behaviour of AD in A-549 cells corroborated an easy penetration of these NPs into cells under our experimental conditions, as well as an absence of effects on cell survival. As shown in several figures of this work, morphology of cells incubated with AD did not differ from that of control cells. Elements of cytoskeleton remained organized, even though their distribution was slightly distorted when the amount of internalized NPs was very high. It is also important to note that cells incubated with AD present an equivalent mitotic index to that of control cells, and mitotic spindles with normal morphology. These results confirm that AD nanoparticles have a significant potential for use in several fields of biomedicine.
On the other hand, the NPs internalization may occur through various endocytic processes that have not been always well identified. The precise knowledge of the endocytosis mechanism is important for the biomedical application of NPs (and any other macromolecule) for therapeutic purposes. The endocytic pathway determines intracellular localization of macromolecules as well as cell-macromolecule interaction (3, 4) . In this sense, depending on future applications, the mechanism of endocytosis can determine the effectiveness of the treatment. When NPs with appropriate size and cover penetrate cells by clathrin-mediated endocytosis, they accumulate mostly in the lysosomal compartment. If magnetic NPs are used for diagnosis or hyperthermia therapy, their accumulation in lysosomes may not be relevant, but if they are used as carriers of other therapeutic drugs, lysosomal destination is not the most convenient vesicle, because the active substance can be degraded.
A morphological characterization of the possible AD endocytic mechanisms in A-549 cells has been performed. CD is a well known inhibitor of macropinocytosis because it blocks polymerization of actin filaments, which is necessary for this process to occur (19) . CD, used in our experimental conditions, affects (immediately after incubation) cell morphology, and also alters the actin cytoskeleton and prevents the incorporation of AD into cells. Under these conditions, NPs remain adhered to the plasma membrane and are detected in very small quantities in cytoplasm. Although cells processed immediately after incubation with CD appear morphologically altered, this cellular change is reversible, and 24 h later cell morphology is normal. These results confirm that the majority of cells remain alive after incubation with CD. Some authors have described that inhibition of dynamic polymerization of actin may also affect clathrin mediated endocytosis (20) , but this inhibition depends on several factors, namely treatment dose and cell type (21) . In this sense, it is not possible to exclude that CD, under our experimental conditions, also inhibits the receptor mediated endocytosis process.
Dynasore is a specific inhibitor of dynamin activation that perturbs the linkage Dyn is an inhibitor of the dynamin activation that perturbs the linkage of dynamin to clathrin, which is a key process in clathrin-mediated endocytosis (22) . Treatment of A-549 cells with this inhibitor does not affect penetration of NPS in cells, enabling the observation of identical accumulation of NPs and cell morphology in cells incubated with AD alone and in cells incubated with ADDyn. In our previous studies we were able to assess that experimental conditions used in these experiments with Dyn inhibited penetration of DPPC liposomes in A-549 cells, but, on the other hand, CD does not affect penetration of liposome containing ZnPc (13) . This ensures that experimental conditions used for Dyn in this study produce inhibition of the endocytic process. Thus, although clathrinmediated endocytosis was inhibited, AD-NPs penetrated cells similarly as in cells not treated with the inhibitor. This indicates that the endocytic process is not preferentially used by AD to penetrate into cells.
In conclusion, cationic magnetic nanoparticles penetrate easily into A-549 cells, remaining in cells for long periods of time. NP internalization did not alter either cell viability or morphologic parameters, under any of our experimental conditions. Co-incubation of cells with nanoparticles and specific inhibitors of endocytic process shows that nanoparticles are internalized into cells mainly by a macropinocytosis process. Both absence of toxicity and mechanism of internalization suggest that cationic particles are suitable candidates for diagnosis, hyperthermia therapy and as a carrier of different therapeutic drugs.
